The behavioural manipulation hypothesis posits that parasites can change the behaviour of hosts to increase the reproductive fitness of the parasite. The protozoan parasite Toxoplasma gondii fits this description well. Sexual reproduction occurs in the cat intestine, from which highly stable oocysts are excreted in faeces. Grazing animals, including rodents, can then ingest these oocysts. The parasite has evolved the capacity to abolish the innate fear that rodents have of the odours of cats, and to convert that fear into an attraction. This presumably increases the likelihood of the rodent being predated, thereby completing the parasite's life cycle. The behavioural syndrome produced by T. gondii does not have any precedent in neuroscience research. This is not a case where the normal functioning of fear system have been altered. This is not even the case of the altering of fear towards predator odours, while leaving other kinds of fear intact. This is an unprecedented example of one component of the fear being eliminated (and replaced by a novel attraction), while appearing to leave other domains unchanged. An understanding of the neurobiological effects of T. gondii is beginning to emerge. One possibility is T. gondii's preferential localisation to, and effects within the amygdala; this is particularly intriguing, given the role of this brain structure in the normal fear response. Obviously, far more must be understood, and the unique behavioural effects of T. gondii put very demanding constraints on any hypothesis we formulate to explain proximate neurobiological mechanisms. 
The protozoan parasite Toxoplasma gondii can invade the rat brain and remove deep-seated fears from a rat's psyche (Berdoy et al. 2000 , Sapolsky 2003 . Why? So that the parasite can hitch-hike a ride to cat intestines (when fearless rat is eaten by the cat) and reproduce there. in order to appreciate these effects, one must begin by considering the nature of parasitism. The core of parasitism is the ability of an organism to exploit its host, in order to obtain the benefit of shelter, transportation, food, or the facilitation of reproduction. According to the manipulation hypothesis, a parasite can alter the behaviour of a host for its own selective benefit, usually by enhancing its transmission rate (Thomas et al. 2005) . The hypothesis requires that such behavioural modification has emerged as a result of a high degree of selection for the host manipulation rather than an accidental by-product of other physiological activities of the parasite.
classic examples of specific manipulation of host behaviour concern transmission through the food chain. Many parasites show sequential parasitism, moving from an intermediate host(s) to a definitive one, in which they reproduce. Often, the benefit derived from the intermediate host is that it facilitates access to the definitive one. The parasite thus manipulates the physiology of the intermediate host so as to ensure its transmission to the correct definitive host. For example, Plasmodium infection of humans make infected individuals more attractive to mosquitoes (Koella 2005 (Koella , lacroix et al. 2005 , the definitive host for the parasite. As a flip side, Plasmodium alters stretch receptors in a mosquito's abdominal wall, compromising sensation of a full stomach and hence increasing biting and probability of transmission. Other examples involve increasing the likelihood of the intermediate host being predated by the definitive one. For example, the parasitic worm Echinorhynchus truttae, after infecting fish, increases their respiratory rate (MacNeil et al. 2003) . This forces the fish towards the more heavily oxygenated water at the surface, increasing the likelihood of it being predated by a raptor, the definitive host.
All of these are cases in which behaviour is altered through parasitic actions outside the central nervous system. While few in number, there are fascinating examples where a parasite manipulates host behaviour by acting upon the central nervous system. The best known is the effects of rabies infections in mammals (Sapolsky 2003) . Through mechanisms that have been studied with remarkable infrequency, the rabies virus is able to alter the function of pathways related to aggression. The consequence, of course, is aggressiveness, where the increased likelihood of the infected animal biting another facilitates the transfer of virion shed in the saliva.
We now turn to an example central to this review, namely the manipulation of host behaviour by Toxoplasma gondii. This protozoan is an intracellular pathogen of mammals and birds. it is probably the most successful endoparasite in the mammalian world (Webster 2001 ) (depending on the country, 15-90% of humans contain this parasite). The sexual phase of its life cycle is restricted to the intestine of cats (Felidae), while the asexual phase can be maintained in virtually any endothermic vertebrate (Dubey 1998). The asexual phase involves rapid proliferation of tachyzoites (tachy = rapid) inside virtually all enucleated cells. Soon, the immune system is activated, and this triggers tachyzoites to differentiate into slowdividing bradyzoites (brady = slow), preferentially in the brain (Dubey 1998 , Webster 2001 ). This preferential localisation is probably the key to the behavioural manipulation. Tissue cysts containing bradyzoites are resistant to gastric juices and can initiate a next round of infection when eaten in raw meat. When a warm-blooded animal is eaten by cats, bradyzoites differentiate into sexually active gametes, zygotes and finally to oocysts in intestinal epithelium. These oocysts are shed with faeces, initiating a fresh round of infection (Dubey 1998).
Once bradyzoites are formed, infection is usually viewed as being clinically asymptomatic. Yet, a small but highly provocative literature suggests that T. gondii blocks the instinctual fear of cats in infected rodents (Berdoy et al. 2000 , Vyas et al. 2007a , Webster 2007 . rodents have a fearful aversion to cat pheromones; this is seen even among laboratory bred rodents with no prior exposure to cats, demonstrating this to be a hard-wired behaviour. However, T. gondii-infected rats lose their aversion to cat pheromones and, in fact, show an attraction to the odour. One would presume that this behavioural alteration, when occurring in a naturalistic setting, would greatly increase the likelihood of rodents being predated by cats, thereby introducing T. gondii into its definitive host. related to this, T. gondii infection in rodents causes them to become less neophobic and more willing to approach a novel object or odour (Webster 1994) .
How specific are these effects?
The answer to this question is important for several reasons. Firstly, specificity can put important constraints on possible neurobiological mechanisms. Separate, but closely related, neural systems mediate aspects of olfaction, emotions and escape behaviour. Thus, specificity of effects of T. gondii, or the lack of it, can implicate different brain systems. in its most pure definition, a behavioural manipulation is a change induced by the parasite for increasing its own reproductive fitness (Thomas et al. 2005) . in practical situations though, behavioural manipulation is very difficult to differentiate from an accidental physiological changes, a "by-product" that happened to be 'co-incidentally beneficial' for the parasite (Poulin 1995) . it is plausible that these physiological by-products of parasitism were recruited and refined by parasites to result in selective behavioural manipulation. in this evolutionary perspective, a very specific behavioural change means that it has emerged as a result of a high degree of selection for the host manipulation rather than accidental by-product of other physiological activities of the parasite. For example, if T. gondii induces a non-specific drive in rodents towards investigating odours of all sorts, the attraction towards cat odours would be considerably less interesting.
All this raises the issue of specificity, which can take a number of forms. The parasite can cause a general sickness behaviour in rodents; or it can cause a general decline in the ability to detect odours; or parasite can cause a specific change in emotional valence of the cat odour.
Are the behavioural effects of Toxoplasma gondii mere sickness behaviour?
The most parsimonious explanation will be that T. gondii makes its rodent host sick, thus reducing the rodent's physiological ability to mount an effective defence response. in rodents, sickness behaviour manifests itself as reduced weight (because of high calorie consumption on top of usually high basal metabolism) and ruffled unkempt appearance of coat (reduced self-grooming). it is also likely that non-aversive memory tasks will be compromised if sickness is causing a general compromise in adaptive behaviours. Moreover, behaviours that are energetically expensive are likely to be compromised in a sick rodent. This includes maintaining social status and the ability to compete for mates. Both of these require appropriate function of the limbic system and also high energy expenditure that a sick animal is unlikely to spare.
A number of findings argue that T. gondii effects are not mere reflections of generic sickness. rats infected with T. gondii do not lose weight, demonstrating comparable growth rates between control and infected animals (Vyas et al. 2007a) . Moreover, none of the publications on this subject, including from our own group, indicates a disruption of self-grooming or appearance of unkempt coat (Berdoy et al. 1995 , 2000 , Webster et al. 2006 , Vyas et al. 2007 a, b, Webster 2007 . Additionally, we find that non-aversive learning, dependent on the hippocam-pus and presumably important for survival, is not compromised (Vyas et al. 2007a ). This is indicated by intact spatial learning of infected rats in a Morris water maze. it has been reported that infected mice take longer time to discern previously visited and unvisited arms in a radial arms maze (Hodková et al. 2007 ). This could suggest a deficit in spatial memory. An equally plausible explanation could be that infected mice have reduced awareness of the novelty in the environment. Finally, previous studies elegantly show that neither social status nor the ability to compete for mates is altered in infected rats (Berdoy et al. 1995) , both behaviours that are typically impaired as a component of generic sickness behaviour.
Do the behavioural effects reflect a generalized compromise in olfaction?
A direct experimental observation of reduced fear of cats would require a comparison of predation rates between control and infected animals. Since this experiment would be ethically tenuous, behavioural tasks have mainly relied on cat odours as a source of aversive stimuli (Berdoy et al. 2000 , Webster et al. 2006 , Vyas et al. 2007 . Then, it becomes imperative to ask if the effects of T. gondii on aversion to cat odour is merely an olfactory effect. in this version of non-specificity, infected rats do not fear cat odours because they cannot smell them. From the perspective of fitness, it will be sufficient for the parasite to block the perception of all odours, so that infected rats cannot smell an approaching cat. Yet, such an approach will have significant evolutionary cost for the parasite. it is possible that many of the infected rats would be predated by predator species in which T. gondii cannot reproduce. Predation of infected animals by non-host predators thus represents a probabilistic cost for the parasite (Poulin et al. 2005) .
Several experiments suggest that effects of T. gondii on aversion to cat odour is not merely an olfactory effect. A) infected mice retain an aversion to food with a novel odour and are capable of learning from olfactory cues provided by their social group (Vyas et al. 2007a ). B) loss of fear in infected animals is restricted to odours of the definitive host, the cat. infected rats retain the aversion to odours of predators that do not serve as definitive host of T. gondii, like mink (lamberton et al. 2008) . c) The response of infected rats to cat odour is linked to the dose of cat odour in a subtle and non-monotonic way (Vyas et al. 2007b) . infected animals do not differ from control animals when cat odour is presented in very high or very low ranges of concentration; instead, the behavioural manipulation is restricted to middle ranges of cat odour strength. D) lastly, and perhaps most importantly, T. gondii does not merely cause the selective destruction of a behaviour (i.e., the loss of aversion) but, instead, creates a new behaviour (i.e., the gain of what was termed a "fatal attraction" to the pheromones; Berdoy et al. 2000) . These observations collectively suggest that the effects of T. gondii infection are not due to mere impairment of olfaction. instead, the effects of infection rather reflect a specific change in defensive and mnemonic behaviours.
Do the behavioural effects then reflect a generalized disruption of defensive behaviours?
Can the behavioural effects of T. gondii then be explained by a generic disruption of defensive behaviours? looking from a neurobiological perspective, there are substantial reasons to predict that this is the case. Several investigators have done brilliant work in deciphering the neural circuits of innate fear to cat odours (canteras et al. 1997 , Adamec et al. 2005 , Blanchard et al. 2005 , Staples et al. 2008 ). The circuitry detailed by these extensive experiments consists of two forebrain pathways impinging on the medial hypothalamic zone. Many stations of this circuit either overlap or run parallel to brain regions important for other aspects of defensive behaviours such as anxiety or learned fear. Since neural architecture seems to be shared between these different aspects of defensive behaviours, it is logical to assume that any manipulation of innate fear to cat odour will also affect anxiety and learned fear. interestingly, the effects of T. gondii run counter to this simple neurobiological assumption. infected rats retain the ability to form learned association between a foot-shock and sound tone (Vyas et al. 2007a) . This demonstrates that they retain the ability to learn and express novel fears. Similarly, infected and control rats exhibit a comparable tendency to avoid venturing out in open lighted spaces, traditionally thought to be anxiogenic (i.e. producing anxiety) (Vyas et al. 2007a ). Thus, infection does not alter anxiety. infected mice retain the ability to learn aversion to unfamiliar food (Vyas et al. 2007a) . And very importantly, as described earlier, infected animals even retain the aversion to odours from predators that eat rats but do not serve as the definitive host of the parasite (lamberton et al. 2008) .
While infected rats show a deficit in conditioned fear when foot shock is used an unconditioned stimulus, T. gondii affects learned fear expressed after conditioning to the cat odour (Vyas et al. 2007b) . in uninfected rodents, exposure to cat odour causes acquired changes in the behaviour related to learning. For example, when rats are exposed to a worn cat collar in a test situation, they subsequently show avoidance in the same situation when presented with an unworn cat collar that is free of cat odour. This shows that rats have been conditioned to the test situation; in other words, animals demonstrate learned fear to a stimulus merely because of its historical association with cat odour and not because of actual odour present. T. gondii infection not only reduces aver-sion to cat odours, but also blunts learning driven by the cat odour. Since effects on learning are not dependent on the physical presence of odour during the testing, it can be argued that the effects of T. gondii are not merely dependent on sensory perception of the odour or arising out of generic malaise.
Despite these examples of anxiety and conditioned fear being maintained in T. gondii-infected rats, the parasite does have some effects in this area. indeed, a report indicates that T. gondii reduces anxiety in rats when tested with an exploration-based anxiety test, but not when a social interaction-based anxiety test is used (Gonzalez et al. 2007 ); this distinction is certainly consonant with T. gondii's effects on the response to cat odours, in that increased exploration on the part of an infected rat would increase the likelihood of T. gondii completing its life cycle, whereas increased amounts of social interactions with other rats would not. Similarly, absence of effects in one learned fear task does not necessarily indicate that infection effects will not be discerned in other tests or if a different training sequence is used. Given the endless permutation and combinations in design of experiments, it is very difficult to provide an evidence of absence.
These observations collectively suggest that the behavioural effects of T. gondii infection are very specific. it is likely that mechanisms of behavioural change have been shaped by intense selection pressure on the parasite, and are likely to be equally specific. The specificity is likely to put important constraint on possible neurobiological mechanisms.
What are the proximate mechanisms?
There are practical incentives for us to understand them. Several animal models of psychiatric condition use innate fear to cat odours as a paradigm , Woodson et al. 2003 , Adamec et al. 2005 , 2009 , Mitra et al. 2009 ). The promise of these animal models is based on the fact that innate fear provides a hard-wired, instinctual, and ethologically relevant paradigm to dissect fear pathways of the brain. This points to an evolutionarily ancient realm of emotions, etched into the brain because of intense selection pressure. These characteristics have resulted in some excellent investigations into neural and hormonal underpinnings of the innate fear, including pathways of the brain, sub-types of neurotransmitter and hormone receptors, interaction between hormones and neurons and so on. Yet, metaphorically speaking, T. gondii has 'known' all along what specific neurons in which specific brain regions to target for a selective knock-out of one particular innate fear. important to study of fear as these animal models are, selective perturbation by T. gondii provides an unmatched opportunity to understand mechanisms involved (Sapolsky 2003) . it raises the possibility that, at some level of analysis, neural substrates of innate aversion to felines can be completely dissociated from substrates of other aspects of fear and defensive reactions. in other words, it points to a set of neural mechanisms or substrates that is dedicated only to the processing of cat odours.
The majority of brain cells are comprised of either neurons or glia. Traditionally, glial cells are thought to play a supporting and nourishing role for electrically active neurons. In vitro and in vivo studies show that T. gondii invades glial cells with greater frequency than neurons (Peterson et al. 1993 , Halonen et al. 1996 , Gonzalez et al. 2007 ). cysts containing T. gondii are distributed in a wide variety of brain regions, including areas important for olfaction, emotions, learning and hormone secretion (Gonzalez et al. 2007 , Vyas et al. 2007a . Hence a very selective tropism on the part of the parasite is not indicated. However, the cysts are observed to occur more frequently in limbic structures like the amygdala and nucleus accumbens (Gonzalez et al. 2007 , Vyas et al. 2007a ), structures that play pivotal roles in modulating emotional processes. The role of the amygdala in mediating defensive behaviours has been very intensely studied. The amygdala plays a crucial part in imparting emotional valence to environmental stimulus in a species-typical manner. For example, upon removal of the amygdala, monkeys lose their instinctual fear of snakes and indiscriminately "pick up a comb, a live snake or a piece of banana" (Kluver and Bucy 1938). For humans, the amygdala becomes active during processing of facial expressions (Adolphs 2008) . indeed, a recent study reports that development of learned fear in rat pups to an odour depends on an intact amygdala (Moriceau et al. 2006) . Moreover, the presence of the mother during conditioning diminishes the amygdala activation, resulting in development of a net attraction rather than aversion to the odour (Moriceau et al. 2006) . Given the importance of the amygdala in emotional processing, the presence or subtle tropism of parasites to the amygdala is exciting.
As indicated above, parasites are also known to be concentrated in the nucleus accumbens (Gonzalez et al. 2007 ). This brain structure is involved in processing of reward and pleasure (carlezon and Thomas 2009). Natural rewards, like sex and food, enhance the concentration of the neurotransmitter dopamine in the nucleus accumbens (Pfaus 1999 , Kelley 2004 , and such increase plays a crucial role in mediating reward. in fact, a rat can be easily induced to self-administer drugs that increase dopamine in the nucleus accumbens (Hoebel et al. 1983 (Hoebel et al. , carlezon et al. 1995 , indicating that such dopamine provides for permissive valence of rewards. Given the role of the nucleus accumbens in processing of positive and permissive aspects of reward, the presence or subtle tropism of parasites to this structure is important.
On the other hand, a more parsimonious explanation will need to explain why other behaviours that depend on the amygdala and nucleus accumbens remain intact in infected animals (Berdoy et al. 1995 , Vyas et al. 2007a . Moreover, T. gondii is by no means absent from other brain regions, including those that are not involved in defensive behaviours or reward (Gonzalez et al. 2007 , Vyas et al. 2007a .
regardless of subtle tropism or not, it is unlikely that direct damage of the brain structures is involved in the behavioural change. Although encephalopathy and gross lesions have been observed in brains of immune-compromised hosts (Gagne 2001), these outcomes are rare in immune-competent animals. The possibility of direct physical damage is also mitigated by the fact that the cyst burden in infected rat brains is usually of only a modest degree (Freyre et al. 2003 , Vyas et al. 2007a . The number of parasites in the brain is grossly outnumbered by the number of brain cells. it appears more plausible that as-yet-unknown neuroactive substances are secreted either from T. gondii-containing cysts or from infected host cells. Because of the smaller number of parasites compared to brain cells, the latter possibility seems more likely, thereby inducing the host to provide for the bulk of metabolic cost (Poulin et al. 2005 , Thomas et al. 2005 .
According to a recent report, T. gondii contains two genes that are homologues of important mammalian enzymes (Gaskell et al. 2009 ). Both of these genes can function as the mammalian enzyme tyrosine hydroxylase. Tyrosine hydroxylase is the rate-limiting enzyme in the synthesis of neurotransmitter dopamine. As we discussed in an earlier paragraph, dopamine plays a crucial role in mediating positive valence of rewarding environmental stimuli (Hoebel et al. 1983 , carlezon et al. 1995 , carlezon and Thomas 2009 ). Because T. gondii can potentially supply a rate-limiting enzyme in dopamine synthesis, it is possible that infected cells synthesize greater amounts of this key neurotransmitter. it is tempting to hypothesize that greater dopamine secretion by infected cells provide for a hyper-rewarding state in the brain and blunts the negative valence associated with cat odour. indeed, an earlier report indicates greater availability of dopamine in infected mouse brains (Stibbs 1985) . Work with human volunteers suggests that T. gondii infection affects personality traits known to be associated with dopamine , Skallová et al. 2005 . These reports provide an indirect evidence for role of dopamine in behavioural change after T. gondii infection. Moreover, treating infected rats with dopamine antagonist, haloperidol, diminishes behavioural effects of infection, suggesting a role of dopamine transmission in T. gondii effects (Webster et al. 2006 ). An alternative explanation has also been discussed regarding effects of dopamine antagonists. Haloperidol also inhibits the replication of T. gondii (Jones-Brando et al. 2003) . it is thus plausible that effects of haloperidol are caused by both dopamine antagonism and inhibition of T. gondii replication.
Do we know sufficient about proximate mechanisms?
As is amply clear from the previous discussion, we do not yet know the precise mechanisms of behavioural change. What we have is an inventory of potential mechanisms. A few members of that inventory are, as discussed in previous paragraphs, subtle tropism and regulation of dopamine synthesis.
it can also be hypothesized that T. gondii can inactivate olfactory receptors important for cat odour detection. There is a multitude of olfactory neurons expressing specific receptors that innervates nasal epithelium in mammals (Touhara and Vosshall 2009). Each of the neurons expresses only one receptor, and respond to one specific ligand in the olfactory environment. Biologically relevant odours are believed to activate several such olfactory neurons, and activation of a combination of them gives rise to perception of an odour. it is possible that T. gondii can alter the function of olfactory neurons expressing specific receptors for the cat odour. However, we do not know which molecules in cat odour act as ligand for these receptors, nor whether there are even olfactory receptors that specialize in detection of cat odour .
Another possibility could be that T. gondii causes changes in levels of circulating testosterone. A recent study reports that infected human males have greater concentration of testosterone than control volunteers (Flegr et al. 2008) . it can be envisaged that higher concentration of testosterone causes animals to tone down defensive responses. This, again, is an untested possibility. Moreover, not all defensive behaviours are compromised by the T. gondii infection, and T. gondii's behavioural effects are not restricted to males. Several other possibilities can be included in this inventory of potential mechanisms. These include alteration in emotional valence of cat odour, brain re-wiring and reduction of stress hormone secretion. These possibilities will need to be systematically tested in future studies None of these possibilities completely explains the specificity of T. gondii effects. The remarkable specificity presents a great challenge when trying to map out proximate mechanisms. it raises the possibility that, at some level of analysis, neural substrates of aversion to cat odours can be completely dissociated from substrates of other defensive behaviours. in other words, it points to a neurobiological system that is dedicated only to processing of the cat odours, and that T. gondii influences such a hypothetical system. Moreover, it suggests that such influences represent a subtle, dose-dependent conversion of that innate fear to attraction, rather than a blunt ablation of fear. These requirements put very demanding constraints on any hypothesis we formulate to explain proximate mechanisms and will shape future work on this subject.
